Abstract: Current data (LHC direct searches, Higgs mass, dark matter-related bounds) severely affect the constrained minimal SUSY standard model (CMSSM) with neutralinos as dark matter candidates. But the evidence for neutrino masses coming from oscillations requires extending the SM with at least right-handed neutrinos with a Dirac mass term. In turn, this implies extending the CMSSM with right-handed sneutrino superpartners, a scenario we dubνCMSSM. These additional states constitute alternative dark matter candidates of the superWIMP type, produced via the decay of the long-lived next-tolightest SUSY particle (NLSP). Here we consider the interesting and likely case where the NLSP is aτ : despite the modest extension with respect to the CMSSM this scenario has the distinctive signatures of heavy, stable charged particles. After taking into account the role played by neutrino mass bounds and the specific cosmological bounds from the big bang nucleosynthesis in selecting the viable parameter space, we discuss the excellent discovery prospects for this model at the future runs of the LHC. We show that it is possible to probẽ τ 1 masses up to 600 GeV at the 14 TeV LHC with L = 1100 fb −1 when one considers a pair production of staus with two or more hard jets through all SUSY processes. We also show the complementary discovery prospects from a directτ 1 pair production, as well as at the new experiment MoEDAL.
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in finding a suitable DM candidate. Coupled with the fact that m 0 and m 1/2 also affect the Higgs mass(es), all this has caused the CMSSM to run into rough weather [14] [15] [16] [17] [18] .
The situation, however, can be quite different with a 'minor' change in the particle spectrum, which is in fact suggested by an empirical argument. It is known that the MSSM has no built-in mechanism for generating neutrino masses, the evidence for which has grown in the past two decades into an inescapable reality [19] [20] [21] , for which the 2015 Nobel Prize in Physics has been recently awarded. The most immediate solution to amend the MSSM is to add three right-handed (RH) neutrino superfields, and the corresponding terms in the superpotential, which would lead to their Yukawa interactions. This also implies the simultaneous existence of three right-chiral sneutrinos, one of which could now be the lightest SUSY particle (LSP) and act as potential DM candidate. However, at least for Dirac neutrino masses, the Yukawa interactions are extremely small ( 10 −13 ), and any interaction of the right-sneutrino is proportional to this coupling. As a result, the sneutrino LSP never reaches thermal equilibrium, its abundance being determined by the decay of heavier weakly interacting massive particles (WIMPs) rather than by its annihilation into SM particles as in the standard WIMP freeze-out picture. At the same time, the highly suppressed interaction strength automatically allows such a kind of DM candidate to evade the limits coming from direct DM search experiments in underground detectors. The lack of tight restrictions on the DM mass can in principle relax the constraints on the superparticle spectrum in the CMSSM. Hence in such a scenario one can expect different allowed regions in the parameter space than in the standard CMSSM, with correspondingly peculiar cosmological constraints and observable signals at the LHC. The present work is devoted to an investigation in these directions. The collider signatures of this model will differ significantly from the cases where the sneutrino can be a thermal DM either because of a large mixing with other chiral sneutrino states [22] [23] [24] [25] [26] [27] [28] [29] [30] , or because the sneutrino couples to some new particle [31] [32] [33] .
It is obvious that the lightest SUSY particle belonging to the CMSSM spectrum, which we shall also loosely call next-to-lightest SUSY particle (NLSP) 1 is long-lived if its only R-parity conserving 2 decay into the LSP is driven by the tiny neutrino Yukawa coupling. In scenarios, where the MSSM scalar masses evolve from a universal m 0 , the NLSP will generally be a neutralino or the lighter stau. Adding the RH sneutrinos will allow to relax the astrophysical and cosmological constraints on scenarios with a neutralino NLSP, however the collider signatures being similar to those of the standard CMSSM we will not consider this class of scenarios. We will rather concentrate on the case where the stau is the lightest sparticle in the MSSM spectrum -a scenario that can only be made viable with the presence of a sneutrino LSP (or a gravitino). Note that the gravitino mass is an arbitrary parameter in the CMSSM, the gravitino could therefore be the LSP, we will not consider this possibility any further as it has been studied in [34] [35] [36] [37] . Contrary to the elusive 1 Within the states available in theνCMSSM, accounting for the three generation structure, strictly speaking the NLSP is in fact the second lightest sneutrino, almost degenerate with the LSP in what follows. 2 The multiplicative conservation of R = (−1) (3B+L+S) -with B, L, and S denoting the baryon number, the lepton number, and the spin of the particle, respectively-ensures that the LSP is stable and a DM candidate.
LSP, it should be noted that the NLSP should satisfy several cosmological constraints. First, since it is a WIMP-like progenitor of the LSP, its thermal relic abundance obtained upon solving the Boltzmann equation forτ 1 is subject to standard constraints, modulo the rescaling by mν R /mτ 1 . Secondly, as will be discussed below in detail, the late decay of the stau NLSP may tamper with light element abundances and jeopardise the big bang nucleosynthesis (BBN) predictions. This puts upper limits on its abundance vs. lifetime, leading to constraints on its mass and interaction strengths. A stau-NLSP that decays into the sneutrino DM candidate consistent with the observed neutrino mass scale will be stable on the distance scale of a collider detector. Therefore, contrary to customary SUSY scenarios with large missing-E T signatures, these models are characterized by a pair of highly ionising charged tracks that are seen both in the inner tracking chamber and the muon chamber. This has prompted efforts to identify such tracks via time-delay measurements, leading to lower limits on the order of 350 GeV on the masses of stable staus of this kind. In an earlier publication [38] , some of us have shown that certain kinematical selection criteria are particularly effective in separating signal and background, especially for relatively low masses of the stable charged particles. These criteria include cuts on the track transverse momenta (p T ), the scalar sum of the p T 's of all visible particles, and the invariant mass of the pair of the two most highly ionising tracks in any event. It was also demonstrated in [39, 40] that events selected with the help of these criteria could be used to reconstruct certain superparticle masses. Collider signatures with charged tracks are also expected in models with a substantially massive gravitino LSP [41, 42] or with almost degenerateτ 1 -neutralino LSP [43] . In Ref. [44] , the reach for the stau NLSP has been studied in the context of the pMSSM.
Compared with earlier investigations [45] , this paper presents a number of improvements: first, we update the cosmological constraints which not only include the relic abundance, but also the upper limit on the neutrino mass and, as argued, the BBN constraints. At the same time, we impose LHC null searches performed till now as well as the requirement of obtaining a scalar mass around 125 GeV, in a scenario where the MSSM spectrum follows from the CMSSM postulates. The allowed spectra thus found are subjected to our proposed selection criteria for the 14 TeV run. We identify in this manner (a) the currently viableνCMSSM parameter space withτ 1 -NLSP,ν R -LSP, and (b) the regions that can be probed at the LHC with gradually accumulating luminosity.
In section 2 we briefly describe the extended CMSSM model and list all the constraints, viz. constraints from the relic abundance, from the elemental abundance of 4 He and 2 H and the existing constraints from runs I and II at the LHC. We review the constraints from Big Bang Nucleosynthesis in section 3. We show the existing available parameter space after implementing all the constraints in section 4. In section 5, we discuss few prospective channels through which the available parameter space can be probed via LHC14 in the High luminosity run at 3000 fb −1 . Finally we summarise and conclude in section 6, where we also discuss some possible directions for future studies.
Model and constraints
In this section we start by discussing the framework and then we will summarise all the existing constraints used in this analysis. Here we consider the MSSM augmented with three generations of RH (s)neutrinos, with a Dirac mass term (implying extremely small Yukawa couplings). ThisνCMSSM model is the simplest extension of the CMSSM which can explain non-zero masses and mixing of the neutrinos. In the present work we consider lepton number conservation, hence the MSSM superpotential is extended by just one term for each family,
where
is the Higgs superfield which gives masses to the T 3 = +1/2 fermions andν R is the superfield for the RH neutrinos. This superpotential ensures the presence of RH sneutrinos in the particle spectrum. These sneutrinos will have all their couplings proportional to the corresponding neutrino masses. We will consider mainly the case where neutrinos are degenerate and the sneutrino mass term is universal, hence the sneutrinos will be nearly degenerate. We will assume that the lightest sneutrino that might become the LSP is the RH eigenstate of tau-sneutrino.
In this model, after symmetry breaking the neutrinos obtain their masses as
where v 246.2 GeV is the vacuum expectation of the SM-like Higgs boson and tan β = H 0 u / H 0 d . While the details of the sneutrino DM scenario described here are sensitive to the matrix structure of the Yukawa couplings, almost all the qualitative features only rely on the smallness of the Yukawa, with their overall size being the key quantitative parameter, determining for instance the very small decay rate of theτ 1 -NLSP. We shall use the currently allowed range of the largest neutrino mass, m H ν , as a proxy for the size of the relevant Yukawa coupling. A lower bound on the coupling can be inferred from global fits of the neutrino oscillation parameters to solar, atmospheric, reactor and accelerator neutrino data, which provide at 3 σ the range for the largest mass-squared splitting [46] ,
where m i are the three neutrino masses and the number in parenthesis is for the inverted hierarchy scenario (m 3 < m 1 < m 2 ). The heaviest mass (m H ν ) is thus bounded by
with the equality attained only for hierarchical neutrino masses, when it yields
The upper limit on this Yukawa coupling follows instead from the upper limit on the absolute neutrino mass scale, which is currently dominated by the cosmological bound on the sum of neutrino masses. The recent combination [9] of Planck temperature (TT) and polarisation (lowP) data with lensing and external data including supernovae, Baryon acoustic oscillation (BAO) and the astrophysical determination of the Hubble constant H 0 yields (see [9] for details) One must note that this number depends to some extent on the number and type of datasets analysed and on the theoretical model assumed for the cosmological fit. The upper limit Eq. (2.6) could be tightened by a factor ∼2 (see for instance [47] ), essentially leading the allowed Yukawa coupling interval to collapse to the value of Eq. (2.5), or relaxed by a similar factor of ∼ 2 ÷ 3 (see [9] for details). Given the fast progress in the field of cosmology, we shall present our "fiducial" results for the Yukawa coupling corresponding to Eq. (2.7), but will also show the impact of lowering its value to the one of Eq. (2.5).
In the CMSSM, SUSY breaking is introduced by universal soft terms for the scalars (m 0 ) and the gauginos (m 1/2 ) along with the trilinear couplings A 0 and the bilinear term for the Higgs, B, in the Lagrangian at some high scale. The B parameter and the supersymmetric Higgs mass parameter, µ are determined by the electroweak symmetry breaking conditions (up to the sign of µ). Once the soft SUSY breaking parameters are specified at a high scale (O(10 15 ) GeV) and tan β is fixed at the electroweak scale one can determine the masses of all the squarks, sleptons, gauginos as well as the mass parameters of the Higgs sector using the renormalization group equations (RG). In theνCMSSM, the RH sneutrino has little impact on the rest of the spectrum, hence the superparticle spectrum almost exactly mimics the one obtained in the CMSSM save for the fact that now the LSP can be the RH sneutrino. Neglecting any inter-family mixing, the additional mass term for the sneutrinos reads
where A ν is responsible for the left-right mixing in the scalar mass matrix. It is obtained by the running of the trilinear soft SUSY breaking term, A 0 . Note that we assume a sneutrino mixing that depends on y ν A ν as is typically the case in SUGRA-inspired scenario where the trilinear soft terms arise from F-terms. From the RG equation solution it is shown in Ref. [48] that at the scale m Z , A ν is given by A ν = A 0 − 0.59m 1/2 . The left-right mixing angle of the sneutrinoΘ is given by
Owing to the fact the neutrino Yukawa couplings are extremely small, the sneutrino mixing can be neglected. We consider the LH and RH sneutrinos as mass eigenstates with
Z cos 2β and m
where ML and Mν R are the soft scalar masses for the LH sleptons and the RH neutrinos respectively. The right chiral neutrino superfield is different from the remaining fields in MSSM; it has no gauge interaction, and it interacts with MSSM fields only via the Yukawa terms in the superpotential, where again the interaction strengths are very different from those for the other fields, leading to extremely small neutrino masses. All this suggests a somewhat separate status for these superfields, including the possibility of its being actually a member of a hidden sector. In view of all this, one may like to accord a different origin for the right neutrino soft masses, as compared to those arising from m 0 . Keeping this in mind, we will not necessarily require Mν R = m 0 , although we do comment on the consequence of this assumption. Note that the RG evolution of all the parameters of the CMSSM remain almost unaffected in theνCMSSM, with the evolution of the new states being almost negligible: The RH sneutrino mass parameter evolves at one-loop level as [49] 
Hence, the smallness of the Yukawa coupling ensures that Mν R remains basically fixed at its UV value, whereas all the other sfermion masses evolve up at the electroweak scale. It is also worth noting that all three right sneutrinos are similar in nature and, for a universal value of the matrix Mν R eigenvalues at high scale, one has a near-degeneracy of three RH sneutrinos, with splittings δM 2 ν R of the order of the neutrino mass splittings δm 2 ν . Thus the universal GUT scale conditions on the parameters of an R-parity conserving scenario can generate a spectrum where the three RH sneutrinos will be stable (or metastable but very long-lived), leading to different decay chains for supersymmetric particles as compared to those with a neutralino LSP.
To make the discussion more comprehensive, we discuss one important reason for choosing a stau-NLSP [38] . In general one can also have a neutralino or a chargino NLSP as they are the remaining R-odd weakly interacting particles. However, a neutralino NLSP will always end up decaying to a neutrino and a sneutrino leading to a fully invisible final state. Hence the collider signals will be almost exactly the same as for a model with a neutralino LSP. A chargino NLSP can have different signatures through charged tracks. However, it is very difficult to have a model where the lighter chargino (χ ± 1 ) is lighter than the lightest neutralino (χ 0 1 ), although it can happen at tree-level in specific corners of the MSSM [50] . On the other hand, it is very easy to accommodate aτ 1 -NLSP in theνCMSSM scenario, which is thus the case we concentrate on in the following.
Theτ 1 -NLSP eventually decays into the RH sneutrinos viaτ 1 → W ( * )ν R (actually all ν R states in the degenerate case we are focusing on) driven by the tiny neutrino Yukawa coupling. If we further assume mτ 1 > mν R +m W , the two-body decay width is given by [48] 
where g is the SU (2) L gauge coupling constant, m W is the mass of the W -boson and U (τ 1 ) is the mixing matrix of the staus which relate the two mass eigenstates (here mτ 1 ≤ mτ 2 ) and the gauge eigenstates as 13) and the subscript L1 indicates the (1, 1) th element of this matrix. When mτ 1 < mν R + m W the two-body decay is kinematically forbidden and the dominant three body decays arẽ τ 1 →ν R ν,ν R. The stau lifetime strongly depend on the decay modes and on the mixing in theν andτ sectors, typical lifetimes range from a few seconds to over 10 11 s. The lifetime of the NLSP is long enough that its decay occurs well after its freezeout, yet it has been shown in Ref. [48, 51] that theν R retains all good properties as cold DM, being in particular stable due to R-parity conservation, and evading direct detection constraints due to the suppressed interactions from the tiny Yukawa coupling. The density parameter ofν R from the decay of the NLSP after freeze-out is simply given by
where Ωτ 1 is the present density parameter of the NLSP assumed stable. In the present work Ωτ 1 is computed using the code micrOMEGAs [52, 53] . Note that in the following we neglect any enhancement in the DM abundance that could come from other production channels, such as heavier sleptons decays (either directly intoν R or, more likely, viaτ 1 ). Especially for moderately degenerate slepton mass spectra, these could enhance Ων R by an amount that can be estimated at the O(10%) level, which should be kept in mind. Recent cosmological data [9] yield
We shall use Eq. (2.15) as a constraint, requiring that Ων R < Ω max DM , for which we use the 2 σ upper value. In general, we shall find that Ων R < Ω DM , although in some region of parameter space Ων R Ω DM , i.e. theν R produced viaτ 1 decay may constitute a sizable (if not dominant) constituent of the DM. Note that this can happen for a range of parameters when the NLSP (which is actually the CMSSM-LSP) is charged, a situation very different from the case where the neutralino constitutes the CMSSM-LSP. A few more particle physics tools are used and constraints are imposed to ensure the phenomenological viability of our model:
• The CMSSM spectrum is generated using SPheno [54, 55] .
• The mass of the lightest Higgs is required to be in the range 123 GeV < m h 0 < 128 GeV, consistent with the Higgs mass measurements from the different channels at the LHC [56] after allowing for a 2 GeV theoretical uncertainty.
• The signal strengths of the SM-like Higgs boson are required to match the experimentally quoted numbers [57, 58] . For this we use the package Lilith [59] which computes the likelihood function and rejects parameter points incompatible with the signal strength measurements.
• We demand that the mass of the long livedτ 1 > 340 GeV, which is the bound obtained by CMS [60, 61] from the run I data for a direct pair production of staus. The bound from ATLAS [62] is slightly weaker, viz.τ 1 > 289 GeV.
• We further impose the 2σ bounds from b → sγ at NLO [63], B s → µ + µ − , [64] and
, as computed with micrOMEGAs [53] .
• We demand that mg > 1.8 TeV, this value correspond to the the limit obtained from the LHC Run II data [66] that extends on the already stringent bound of Run 1 [67] . Note that this bound refers to the CMSSM and does not apply directly to theνCMSSM that we consider here. However, because of the relation between supersymmetric particles masses, the lower bound on the long-lived stau mentioned above forces the gluino to be rather heavy in our model.
• Finally we consider what are perhaps the most important constraints in this study, i.e. the constraints on the light nuclei produced in BBN. This constraint is discussed in details in section 3.
Bounds from Big Bang Nucleosynthesis
Despite the fact that nuclear binding energies range in the ballpark of several MeV per nucleon, as long as the temperature T 0.1 MeV, virtually no nuclear species is present in the early universe, since the high entropy conditions cause the immediate photo-destruction of any bound states that forms. Standard primordial nucleosynthesis (for reviews, see for instance [68, 69] ) describes the departure from the early phase of nuclear statistical equilibrium until the synthesis of light nuclei in the cooling plasma is completed, at T ∼ O(10) keV. Since all processes happen at the kinetic equilibrium, in standard BBN the energies available for the nuclear reactions are limited, and the process can be described in a relatively simple and robust way.
When long-lived states are present in the early universe, if their decay injects energetic particles with visible 3 energy per decay E vis T , they can trigger complicated non-thermal nuclear processes (non-thermal BBN). Qualitatively, there are two types of processes and constraints. In general, one always expects sizable fractions of energy to be injected in the form of non-thermal photons and electrons (e.m. channels, henceforth simply "photons"): the associated constraints are very strong for lifetimes exceeding ∼ 10 6 s, see [70] and notably [71] for a recent overview and treatment of these processes including a regime overlooked so far. This constraint however excludes only the long-lifetime tail of the viableτ 1 's parameter space, weakening significantly for lower lifetimes and vanishing for injection times below ∼ 10 4 s. This is due to the fact that e ± pair production by energetic photons onto the thermal bath ones is extremely efficient in cutting off the high-energy tail of the photon spectra, with a cutoff energy that increases with decreasing plasma temperature. The cutoff must be larger than the threshold for photodisintegration cross sections in order for these processes to be relevant, which implies efficient bounds only at sufficiently late times [68] .
However, theτ 1 's in the bulk of the parameter space of interest have lifetimes shorter than 10 4 s: for those, the relevant bounds are due to the hadronic part of the cascades (with branching ratio B h ) induced by the stau decays, notably via the effects of mesons in altering the weak n ↔ p equilibrium and of non-thermal nucleons on the nuclear reactions, e.g. via spallations [68] . This dynamics can only be described properly via Monte Carlo simulations, see for instance [72, 73] , since some energy-losses are intrinsically stochastic, and using averages in deterministic equations may be inaccurate. Here we base our constraints on the results obtained in [72] . However, we do take into account the newer determinations of the abundances of light nuclei, notably 2 H and 4 He, for which sufficiently precise measurements exist and for which the primordial origin of the bulk of their abundance is not disputed [68, 69] . As explicitly noted in [73] (see its Appendix A), when a single process dominates the production (or destruction) of a given nucleus, a good approximation consists in assuming a linear relation for the change in the number of nuclei with respect to the standard BBN yield vs. the number of decays/particle injected (at any given time). This property is used in our analysis since this "single process dominance" is well satisfied in our scenarios. The 4 He bound relies on its overproduction due to the alteration of the n/p ratio in the early (t 10 s) BBN phase, with little to no role for the alteration of the nuclear network; the deuterium bound comes essentially from requiring that 2 H is not overproduced via hadrodisintegration of 4 He, see Table IV in [72] . Note also that the bounds reported in [51] and that we want to update are based on the results of Fig. 39 in [72] . For our reference standard computations, we rely on the PArthENoPE code (see [68, 74] ), which for an adopted baryon to photon ratio of η = 6.1 × 10 −10 yields best-fit predictions of Y p = 0.2463 and 2 H/H = 2.578 ×10 −5 for 4 He mass fraction and deuterium number density, respectively. It has been recently checked [69] that very similar values (at the permil level) are obtained in an updated version of the Kawano code [75] , hence we expect a good agreement of the above figures with the baseline values that had been adopted in [72] , which relied on an updated Kawano code.
Between the two curves for 4 He reported in [51] , the most relevant one is the constraint relying on the determination [76] , denoted as IT. In fact, if we take the 2 σ upper limit by summing in quadrature the statistical and systematic error as reported in Eq. (2.4) of [72] , the 4 He change leading to the 95% C.L. exclusion in [72] can be estimated as ∆Y p = 0.0066. The recent determination reported in [69] (see Eq. (7) at zero metallicity) would lead to a two sigma upper limit Y max p 0.2529, implying by accident exactly the same maximal allowed variation used a decade ago! We conclude that the state-of-the art limit coming from 4 He coincides to a good extent, albeit serendipitously, with the IT curve quoted in [72] , which we shall use henceforth.
Concerning deuterium we will consider the "low abundance" bound presented in Ref.
[72] as a reference point since, relying on the combination of measurements reported in [77] , it uses an abundance 2 H/H = 2.78
+0.44
−0.38 × 10 −5 which is quite close to a more recent determination. This corresponds to an estimated maximal allowed change ∆ 2 H/H 1.08 × 10 −5 . Based on modern observations, even the conservative ranges used now in the literature converge to a more restrictive variation, for instance ∆ 2 H/H 0.9 × 10 −5 according to [78] , or ∆ 2 H/H=0.73 × 10 −5 based on the compilation in [68] , i.e. bounds between 20% and 50% more stringent. If considering the best measurement available ∆ 2 H/H = (2.53 ± 0.04) × 10 −5 [79] (see also Eq. (8) in [69] ) as representative of the state of the art, the largest variation allowed could be as small as ∆ 2 H/H 0.03 × 10 −5 , i.e. the room for an exotic effect would have shrank by a factor ∼ 36 as compared with the old estimates! Despite this huge improvement, the impact of the deuterium determination on the existing bounds onτ 1 's is only moderate, since the deuterium constraint is a very sharp function of the lifetime, behaving almost like a step function around lifetimes of ∼100 s. In the following sections, unless otherwise stated, we shall conservatively assume the allowed deuterium interval improved by a mere 20% over the one corresponding to the old "low abundance" determination of Fig. 39 of [72] , we call this the conservative constraint. Yet, in order to gauge the impact of possible much higher precision in deuterium observations, we shall also compare those bounds to the constraint coming from the effect of a tightening of the maximal allowed "exotic" deuterium production by a factor 36, corresponding to the most optimistic/aggressive current estimates.
Results
In this section we explore the parameter space of theνCMSSM satisfying all constraints listed in the above two sections. The input parameters of the model at GUT scale are varied in the range m 0 < 2500 GeV ; m 1/2 < 2500 GeV ; |A 0 | < 3000 GeV ; (4.1) while at the electroweak scale 0 < mν R < mτ 1 ; 5 < tan β < 40 (4.2) and sign(µ) > 0. Note that in order to be more general we have not fixed the right sneutrino mass at m 0 but rather used its value at the electroweak scale as a free parameter. This could qualitatively be justified since sneutrinos are gauge singlets. In any case we will show the impact of this assumption. Our benchmark case assumes quasi-degenerate neutrino masses, with y ν = 4.4 × 10 −13 . To show the sensitivity to this value, we shall also present how the results would change for a case with y ν = 2.83 × 10 −13 , loosely inspired to the mass scale associated to a normal hierarchy pattern, but without any flavour structure being imposed. In figure 1 , we show the allowed region in the mτ 1 − mν R parameter space, denoted m NLSP − m LSP . Clearly regions exist where more than 50% of the relic abundance can be accounted for via mν R 's. We even find a region in parameter space where more than 80% of the relic abundance can be accounted for, which loosely corresponds to accounting for the totality of the DM after including theoretical uncertainties, for example from higher order effects [80] . Note that the BBN constraint, by imposing an upper limit on the stau lifetime, effectively removes the region of small mτ 1 − mν R mass splitting where the 3-body decay of the stau dominates and even some of the region where only 2-body decays occur. Note that the allowed regions shrink when the lower value of the Yukawa coupling is adopted (dashed contour) and no region can be found where mν R 's contribute 80% or more to the DM. This is because a smaller Yukawa means a smaller sneutrino mixing, leading to a longer lifetime and more severe BBN constraints. Interestingly enough, the fate of this DM candidate is linked to the sharpness of the cosmological neutrino mass constraints. A positive detection of the neutrino mass in the degenerate limit, i.e. just around the corner, would be compatible with the scenario described in this paper accounting for most if not all of the DM. Should the neutrino mass pattern be constrained to (or detected at) a hierarchical spectrum, at most a sub-leading DM role would be possible for mν R 's in our scenario.
In figure 2 , we show how the parameter region changes once we impose the universality condition on the RH sneutrino mass, more precisely we demand that |mν R − m 0 | < 5 GeV. This amounts to removing one free parameter of the model. For a given value of mν R we therefore expect a reduced upper bound on the mass of the stau NLSP, even before imposing any constraints, since for a fixed m 0 the range of predicted masses are determined only by the term proportional to m 1/2 in the RGE. The impact of the BBN constraints is, in both scenarios, to restrict the region at large mτ 1 (and mν L ). We found however that the upper bound on the mass of the NLSP is much lower (mτ 1 ≈ 600 GeV) in the restrictive ("unified") scenario. The reason is two-fold. First, the sneutrino mixing angle is suppressed for large mν L , see Eq. (2.9); this leads to a longer lifetime and thus tighter constraints from 2 H/H. Moreover, we found more points with large mixing in the generic scenario than in the restrictive one. Secondly, the relic density of the NLSP depends on all parameters of the stau sector, and in particular on m 0 , as it enters into the calculation of the stau-annihilation rate. For similar NLSP and LSP masses we found larger values for Ωτ 1 , which implies a larger yield Y N LSP in the unified model, in turn leading to a more stringent constraint from 4 He. As a result, heavierτ 1 's are excluded in the more restrictive ("unified") scenario, but as long as the Yukawa coupling is close enough to the current degenerate upper limit, the reduction of the allowed parameter space is not too dramatic.
To get an idea of the impact of the different bounds in another direction in parameter space, in Fig. 3 we show the allowed region in the m 0 − m 1/2 plane for the two values of the neutrino Yukawa coupling; here A 0 and tan β vary in the range specified in Eq.s (4.1), (4.2) and sign(µ) > 0. Note that this allowed parameter space is different from the one obtained in the CMSSM, see for example the result shown by ATLAS with the Run 1 data [67] or [17] . The main difference is that the region at very low m 0 , forbidden in the CMSSM because the LSP is charged, is now re-open. Moreover in the CMSSM the DM relic density imposes the stau and neutralino to be almost degenerate at low m 0 for coannihilation to take place, while in theνCMSSM this mechanism is not required and values of m 0 above the TeV are allowed. , with B had = 2/3 corresponding to the hadronic branching fraction ofτ 1 for two body decays. The number density to entropy density ratio atτ 1 freeze-out, Y N LSP , is determined by micrOMEGAs.
Note that the main impact of reducing the neutrino Yukawa coupling is to "shift" the lifetime of theτ 1 to longer values, tightening the bounds. The viable region is hence cornered in a small region of the cosmological parameter space, and could be further tightened by an improved neutrino mass limit, and/or an improved 4 He determination. Note that the 2 H constraining power is basically saturated, with a determination more aggressive by a factor 36 only improving the lifetime bound by ∼ 20% or so.
Prospects at the LHC
In this section we study the discovery prospects of theτ 1 -NLSP at the future runs of the LHC. We focus on the following channels, viz. • 2τ 1 + N hard jets (N ≥ 2) ,
• 2τ 1 (two stable charged tracks) ,
• passive detection of highly-ionizing (slow) particles, described in Sec. 5.1, Sec. 5.2, and Sec. 5.3, respectively. Out of the allowed parameter region determined in the previous section, we take four benchmark points with increasing τ 1 mass and show their discovery prospect at the 14 TeV run of the LHC with an integrated luminosity up to 3000 fb −1 . The four benchmark points are listed in Table 1 . For these benchmarks, the low energy spectrum follows the general trend,
suggesting that all superparticle productions at the LHC would finally end up decaying to the sneutrino-LSP. However, we must note that the lifetime of theτ 1 -NLSP varies roughly between a few seconds to a little more than three minutes for the allowed parameter space. Thus these particles will decay only outside the detector. Within the general Table 1 . Benchmark points for studying the discovery prospects of theτ 1 -NLSP in theνCMSSM framework with a RH sneutrino LSP. All the superparticle masses and dimensionful input parameters are shown in GeV. Theν i R masses are not shown in the table as the exact value is not important for the collider phenomenology provided mν i R < mτ 1 . The top mass is fixed at 173.1 GeV and has been used for the running of the parameters.
purpose ATLAS and CMS detectors, characteristic signatures consist of charged tracks with large transverse momenta. This is in contrast with the standard SUSY signals where the signature involves a substantial amount of missing transverse momenta. Thus, the "stable" τ 1 will behave just like a slow muon, i.e. their velocity β = p/E is appreciably lower than 1, implying that they will have high specific ionisation. Many existing studies in the literature capitalise on the ionisation properties and the time of flight measurements of these particles and distinguishes them from the muons [81] [82] [83] [84] [85] [86] [87] . There is another approach of separating the signal from the backgrounds by looking at certain kinematic distributions [38] and giving hard cuts on these. In this work, we compare the two approaches for the four benchmark points listed above. We also briefly mention an unconventional passive search strategy fully relying on this property. Before we start discussing the analysis strategy, we comment on the mass measurement strategy of these long lived charged particles using the time of flight measurements [88] . When the staus are pair produced, a majority of them have a high velocity. We show the velocity distribution for the third benchmark point in Fig. 5 for stau pair production. This velocity distribution can also be obtained from the time-of-flight measurement in the muon detector system. Combining this with the measured momentum in the same system gives the mass of the particle using the relation
where γ is the Lorentz factor. The details of this measurement technique can be found in Refs. [62, 88] . Here, we follow a fairly simple-minded approach. Instead of taking the mass of theτ 1 at its fixed value obtained from the SUSY spectrum, we smear its mass as a gaussian with a standard deviation of 5 GeV which is roughly of what is obtained in Ref. [88] considering the uncertainty from the time-of-flight measurements. In doing so, we generate a gaussian random number with its mean as the value of mτ 1 obtained from the SUSY-spectrum and a standard deviation of 5 GeV. We use the Box-Muller transform in generating the gaussian random numbers. It is also important to comment on the velocity distribution of the muon which is the single most important candidate for our backgrounds. Because we consider β to be an important observable, it is essential to obtain a realistic velocity distribution for the muons. However this is very difficult to mimic from fast detector simulations. Thus, we again refer to the experiments. The velocity distribution of the muons from a combined measurement of the calorimeter and the muon spectrometer has a small spread with a mean value of β = 0.999 c and a standard deviation of σ β = 0.024 c, see Fig. 1 (right) in Ref. [62] . Hence, in our analysis we generate a gaussian random number with these parameters and then impose the cuts on β accordingly. We must note in passing that in BP1 the RH selectron and smuon states are lighter than χ 0 1 . In such cases, the neutralino can decay intoẽe(μµ). The decays of the charged slepton to the lighter sneutrino state of the first two families are highly suppressed by the small Yukawa couplings, as is the case for theτ 1 -NLSP. However the competing three body decay via a virtual neutralino into theτ 1 τ e(µ) orν τ τ ν e (ν µ )as the final state particles will prevent the selectrons (smuons) from being long-lived. These can however give additional events withτ 1 -tracks. In the analysis below we will not consider the direct production of selectrons and smuons, this process was studied in [38] .
In the next two subsections, we discuss the two proposed final states and investigate the discovery prospects of the long-livedτ 1 s. We compute the statistical significance using the standard formula 2) where N S and N B are respectively the number of signal and background events passing the selection cuts. 
Twoτ 1 and at least two hard jets
To perform our analysis, we generate the SUSY-spectra using SPheno [54, 55] . The output SLHA [89] files are fed into the MadGraph5 aMC@NLO [90] program to generate the signal events. The showering and hadronisation is done using Pythia 6 [91] . Finally the detector simulation is done in the Delphes 3 [92] framework 4 . In order to decay the χ 0 1 in Pythia, we had to modify the main code slightly since the lightest neutralino is by default considered to be the LSP. For the signal generation, the parton distribution functions have been evaluated at Q = 2mτ 1 using CTEQ6L1 [93] . The renormalisation and factorisation scales are set as
The jets have been formed using the anti-k t jet clustering algorithm [94] in the FASTJET framework [95] with the R parameter set equal to 0.6. The signal cross-sections have been rescaled by their next-to leading order (NLO) k-factors using Prospino 2 [96] . We generate the signal samples together in MadGraph which also gives the cross-sections in the separate channels like squark-squark, squark-gluino and gluino-gluino production. We then compute the k-factors for each of these using Prospino and computed the effective k-factor by weighting with the cross-sections in the individual channels.
Since stable staus appear in the SUSY decay chains, the main contribution to this channel comes from squark pair production (sample Feynman diagrams are shown in Fig. 6 ). The production of one or two gluinos are suppressed relative to the squarks due to the higher mass of the gluino, see Table 1 , and the fact that for such high masses the gluon PDF's are small. For this channel the dominant backgrounds are : tt (computed at N 3 LO [97] ) and the Drell Yan production of µµ(τ τ )+ jets (computed at NNLO [98] ). For the latter, we take a matched sample, matched up to 3 jets using the MLM ME-PS matching scheme [99] . Besides these, the other contributions to the backgrounds come from W + W − , W Z and ZZ and are computed at NLO [100] . Here we take a similar approach as considered in Ref. [38] . Instead of considering the velocity of the stable staus, we consider hard kinematical cuts, specifically
where the subscripts 1 and 2 refer to the hardest or the second hardest object when ordered by p T , and p µ T generically refers to the track, be it due to theτ 1 signal or the background muons. These cuts have a dramatic effect in removing the backgrounds almost completely. To perform the analysis, we generated a statistically significant number of events such that we are sure of the number of events after the cuts. With the above cuts, we end up with 0 events for W Z+ jets and ZZ+ jets. In Table 2 we show the luminosity required to reach a 5 σ statistical significance significance for stable staus for each of the benchmarks. The small number of background events surviving the cuts scales with the luminosity considered for each point. Note that the lower luminosity required for BP2 as compared to BP1 is linked to the fact that the coloured state are lighter for BP2.
Benchmark point L for 5σ [ Table 2 . The luminosity required in order to attain a 5σ statistical significance for stable staus for the four benchmarks. The number of signal and background events as well as the ratio N S /N B after the selection cuts for that particular luminosity is also displayed.
From these results we conclude that it is fairly simple to probe collider stable staus with masses 400 GeV (BP1 and BP2) in the early runs of the 14 TeV LHC. Moreover, we estimate with a simple rescaling of the LO cross sections from 14TeV to 13 TeV, that a 5 σ significance is also reachable with the 13 TeV Run with luminosities of roughly 15 (4)fb −1 for BP1 (BP2). For larger stau masses (linked with heavier coloured states in our model) one gradually requires larger integrated luminosity: L = 1000 fb −1 allows to probe masses up to 580 GeV , with the full integrated luminosity L = 3000 fb −1 , the mass reach can be extended to roughly 600 GeV, thus allowing to cover a significant fraction of the currently allowed parameter space.
Twoτ 1 tracks
Here, we study the discovery prospects of directly producedτ 1 pairs. This channel suffers from a smaller production cross section as compared to the previous one (electroweak production as compared to strong production) but presents the advantage of being fairly model independent: This channel can also be used beyond theνCMSSM framework when the coloured states are too heavy to be produced at a significant rate. Moreover we can directly use the constraints already set by CMS and ATLAS from the run I data, i.e. a lower bound on theτ 1 mass of 289 GeV and 340 GeV from ATLAS [62] and CMS [60, 61] , respectively. These bounds are from the tracker plus time-of-flight measurements. CMS quotes a much relaxed lower bound on theτ 1 mass at 190 GeV from the tracker measurement alone. CMS has also quoted the bound from the 13 TeV run and it is weaker than its 8 TeV counterpart, viz. mτ 1 > 230 GeV. However, we do not consider this bound and take the more stringent one because the 13 TeV run till now has a significantly small integrated luminosity. Let us also stress that we have used the Drell-Yan plus bb initiated production for thẽ τ 1 pairs in obtaining the final results. It is mentioned in Ref. [101] that the gluon fusion initiated processes can enhance the cross-sections by an order of magnitude. However, this statement holds forτ 1 masses below 250 GeV, with the maximum effect achieved when 100 GeV < mτ 1 < 200 GeV. However, in our case the stau is always heavier than 340 GeV. We
Cut on
Cut set A Cut set B Cut set C β > 0.85 Table 3 . The three sets of selection cuts applied in theτ 1 pair analysis. Set C resembles the set of cuts of the ATLAS analysis [62] .
find that with an increase in the masses of the particles in the loop, viz. the squarks, we have decoupling and this does not lead to any contribution from such loops: we checked explicitly by using MadGraph5 aMC@NLO that at LO, the gluon initiated processes have contributions of the order of O(10 −9 − 10 −8 ) fb. For this particular channel the most dominant background is a pair of muons. We generate pairs of muons as well as pairs of taus (which can also lead to a two-muons final state) using MadGraph5 aMC@NLO and use the same procedure for the detector analysis as for the signal. Here we also fold in the next-to-next-to leading order (NNLO) k-factor [98] . We also consider the subdominant backgrounds, viz. tt and diboson pairs (W W, W Z and ZZ) computed respectively at N 3 LO [97] and NLO [100] . 5 We use the following basic trigger cuts for our analysis,
• |η(µ)| < 2.5,
These same cuts have been applied to theτ 1 tracks in the detector analysis because of our inability to generate the samples with such trigger cuts at the generator level using MadGraph. After this we used three sets of selection cuts to see which fares better in terms of the significance. In table 3, we list down the selection cuts in details. The cut set C resembles the one used by ATLAS [62] .
The hard p T cuts are extremely efficient in removing a significant amount of the backgrounds. However, the Cut set C proves to be one of the most efficient ones because the muon velocity distribution peaks roughly around unity with a very small spread 6 . The number of signal and background events and the significances for an integrated luminosity 5 For low pT cuts (pT ∼ 15 GeV), muons from b-and c-decays can have substantial rates [41] . But because we impose a high pT cut on the muons (see Table 3 ), and we also require a jet-muon isolation cut, these backgrounds become negligible. Hence we do not explicitly include these backgrounds in our analysis.
6 Note that Ref. [41] uses slightly different sets of selection cuts including 0.6 < β < 0.9. We have restricted ourselves to weaker cuts on β.
of 3000 fb −1 are listed in Table 4 , showing that more than 5 σ significance can be reached for all points but BP4 with Cut set C or B. With Set A, especially due to the lower bound on β and also to the more stringent cuts on p T and on the invariant mass, a much larger fraction of the signal is suppressed, leading to smaller significance even though the background is also more suppressed. Note in addition that the reach on mτ could be extended by requiring a tighter cut on β. Choosing β < 0.8 as per CMS [60, 61] , we get statistical significances of 4.7σ and 3.0σ for mτ = 700, 800 GeV respectively. This hard cut on β renders the background vanishingly small: even by including the spread in the muon β distribution from ATLAS [62] , we hardly get any background events which pass β < 0.8. Table 4 . Table showing the number of signal and background events after the selection cuts for the three sets of selection cuts, the ratio N S /N B and the statistical significance S. The integrated luminosity used to compute these numbers is 3000 fb −1 .
Passive highly-ionizing track detection
An unconventional search strategy is also possible at the new and largely passive detector MoEDAL [102] , mostly comprised of an array of nuclear track detector stacks surrounding the intersection region at Point 8 on the LHC ring, which is sensitive to highly-ionizing particles (a further trapping array is only suitable for very long-lived particle, beyond the regime of interest of our model). This search does not require any trigger and in principle even one detected event would be enough, albeit multiple events would be needed for a robust discovery. The only major condition for sensitivity to the producedτ 1 is that the ionizing particle has a velocity β ≤ 0.2. For illustrative purposes we report in Tab. 5 the numbers of events with β ≤ 0.2 expected for L = 3000 fb −1 after imposing that the track has p µ T > 5 GeV. More detailed full detector simulations are required to be more quantitative but it is already clear that when the staus are produced from decays of coloured particles, there exists a possibility of an independent discovery via this complementary channel for all our benchmarks. Table 5 . Number ofτ 1 's with β ≤ 0.2 potentially detectable by MoEDAL assuming an integrated luminosity of L = 3000 fb −1 , for the four benchmarks and the two production mechanisms discussed in the text.
Summary and conclusions
In this study, we have discussed the prospects of the revival of the CMSSM through one of the simplest extensions, viz. through the addition of three families of right handed (s)neutrinos, theνCMSSM. We showed that in a sufficient portion of the parameter space the right handed sneutrino might become the LSP and by contributing to the relic abundance it can become a potential cold dark matter candidate. In our study, we focused on an R-parity conserving scenario where theτ 1 -NLSP can be long lived, such that its decay occurs well after its freeze-out. We further imposed all the available constraints, from the Higgs and flavour sector, from SUSY searches at colliders, from neutrino masses and most importantly the BBN constraints on the elemental abundance of 4 He and 2 H. The latter is particularly important in excluding virtually all parameters leading to stau lifetimes beyond a few minutes, which would alter too much the primordial yields via the cascades induced by theτ 1 decay byproducts. After imposing all these constraints, one is left with regions where m 0 and m 1/2 can range up to 1.4 TeV and ∼2.5 TeV respectively. One also sees that on demanding more contribution to the relic, the parameter region shrinks. Only a very narrow region remains when demanding that the sneutrino contributes to more than 80% of the dark matter, and this is also very sensitive to the actual value of the neutrino mass scale. For instance, a non-degenerate neutrino mass spectrum, either in the case of normal or inverted mass hierarchy, would imply that the sneutrinos can at most contribute at a subleading level, O(10%), to the relic abundance.
Finally we study the prospects of observing such long-lived staus at the recent/future runs of the LHC with three strategies, viz.
• From the cascade decays of the production of squark pairs, gluino pairs and pairs of squark and gluino, we find significant mismatch of the kinematic distributions of the signal and the backgrounds. We apply hard cuts on the p T of the stable tracks (which fake "heavy" muons) and the jets. Furthermore, from the time of flight measurements and the measurement of the velocity of such particles, one can indirectly measure the masses of the staus. We find that a hard cut on the total visible transverse momentum and on the invariant mass of the pair of stable tracks kills all the backgrounds. It is possible to observe such a long-lived stau of mass around 400 GeV at 5 σ from the 13 TeV run with an approximate integrated luminosity of 4 fb −1 and that a high luminosity run at 14 TeV would probe stable staus as heavy as 600 GeV. The only drawback of this otherwise promising search is its model dependence, since it relies on the mass of the gluino and the squarks.
• We further show the discovery prospects of a stau when they are directly pair produced. We find that one needs much higher luminosities to potentially discover the staus from this channel, which however presents the advantage of being fairly model independent. With the current set of cuts from ATLAS, a stau of mass around 400 GeV can be discovered with a 14 TeV run at 300 fb −1 .
• We briefly discussed the perspective of an additional discovery opportunity at the unconventional MoEDAL passive detector, sensitive to highly-ionizing (slow) tracks. Despite the fact that no detailed simulations are currently available, the number of slow events expected in the high-luminosity run is encouragingly high that a discovery should be within reach in a significant fraction of the parameter space.
To conclude, let us express a few general remarks. It is interesting that a minor modification to the CMSSM (in this case demanded by the empirical evidence for neutrino masses) leads to major phenomenological changes and hence in the appropriate search strategies at colliders. Even though supersymmetry is being pushed to the backseat by every new experimental set of data from the LHC, this qualitative lesson may stay true and apply to a number of alternative scenarios, when moving beyond minimal models. This certainly motivates one to pursue further in devising more involved search techniques like the one sketched in our study. A second consideration concerns the deep links existing between neutrino physics, early universe cosmology (dark matter, BBN) and collider searches: thẽ νCMSSM model discussed here is a remarkable illustration of these tight relations, to the point that for instance a neutrino mass measurement at a factor two below current upper limits would rule out a dominant DM role of our sneutrino candidates. Finally, there are other interesting perspectives concerning cosmological and astrophysical consequence of such a kind of DM candidate. One further possibility for diagnostics relies on the fact that sneutrinos are not really "cold" dark matter candidates: Due to the recoil acquired in the decay they may have a sizable kinetic energy. This possibly leads to other observables, like a suppression of small scale cosmic structures due to their free-streaming. Several of these consequences have been explored for other "superWIMP" candidates (see [34] and ref.s to it) and we will not repeat them here. On the other hand, our DM candidate has a very peculiar feature, being possibly constituted by a mixture of three almost degenerate sneutrino states. Two of the three states are very long-lived but can decay e.g. viã ν 2 →ν 1 ν ανα . We have not explored here the associated phenomenology, since it crucially depends on the mass matrix pattern of the right-handed sneutrinos. It is possible that some interesting cosmological or astrophysical consequences may follow. This is a further point deserving investigation, notably if forthcoming data should comfort the viability of the model discussed in this article.
